We previously reported that expression of tumor necrosis factor-␣ (TNF␣) was attenuated in macrophages exposed to febrile range temperatures. In this study, we analyzed the influence of temperature on TNF␣ transcription in the Raw 264.7 macrophage cell line during incubation at 37 and 39.5°C. The initial activation of TNF␣ transcription in response to endotoxin (LPS) was comparable in the 37 and 39.5°C cell cultures, peaking within 10 min of LPS stimulation. However, the duration of transcriptional activation was markedly reduced in the 39.5°C cells (30 -60 min) compared with the 37°C cells (2-4 h). Deletion mapping of the TNF␣ gene revealed that the proximal 85-nucleotide promoter sequence and the 5-untranslated region were sufficient for temperature sensitivity. This sequence contains six heat shock response element (HRE) half-sites but no complete HREs. Electrophoretic mobility shift and immunoblot assays demonstrated that nuclear transclocation of heat shock factor (HSF) and its activation to a DNA-binding form occurred in the 39.5°C cells in the absence of heat shock protein-70 gene activation. The proximal TNF␣ promoter/5-untranslated region sequence competed for HSF binding to a classic HRE. Overexpression of HSF-1 reduced activity of the TNF␣ promoter. These data suggest that partial activation of HSF-1 during exposure to febrile, sub-heat shock temperatures may block TNF␣ transcription by binding to its proximal promoter or 5-untranslated region.
Tumor necrosis factor-␣ (TNF␣) 1 is an early pivotal mediator expressed in response to infection and injury (1) . While TNF␣ is essential for optimal host defense (2, 3), persistent or inappropriately high TNF␣ expression has grave consequences, including multiorgan failure and death (4, 5) . The pleiotropic nature of TNF␣ has led to evolution of stringent and redundant regulatory mechanisms. These mechanisms target distinct processes required for TNF␣ gene expression, including (i) transcription initiation (6, 7) , (ii) transcript elongation (8) , (iii) mRNA stabilization (7, 9, 10) , and (iv) translation (11, 12) . We recently reported that the translational efficiency of TNF␣ transcripts may be regulated through changes in the length of the 3Ј poly(A) tail and the efficiency of ribosome recruitment (13) .
Several soluble mediators that are induced by TNF␣ are negative regulators of further TNF␣ expression, including prostaglandin E 2 (14) , glucocorticoids (15) , interleukin (IL)-4 (16), IL-6 (17), IL-10 (18), IL-13 (19) , and transforming growth factor-␤ (20) . We reported that exposing macrophages to febrile range temperatures inhibited TNF␣ expression as potently as these soluble inhibitors (10, 21) , demonstrating that a physical factor can also act as an endogenous regulator of biological processes. In Raw 264.7 macrophages stimulated with bacterial endotoxin (LPS), TNF␣ mRNA accumulation and TNF␣ secretion were attenuated during culture at 40°C as compared with 37°C cell cultures (10) . We reported that TNF␣ mRNA was destabilized in the warmer cells (10) , but the extent of transcript destabilization was modest compared with the marked reduction in TNF␣ mRNA accumulation. This suggested that exposing macrophages to febrile range temperatures may also inhibit TNF␣ transcription.
This hypothesis was addressed by comparing the kinetics of LPS-induced TNF␣ transcriptional activation in Raw 264.7 cells incubated at 37 and 39.5°C. Using nuclear run-on assays and transient transfections with a reporter construct driven by the murine TNF␣ promoter, we showed that febrile range temperature inhibits TNF␣ transcription, probably through early termination of TNF␣ transcriptional activation. Further attempts to delineate the mechanism of inhibition indicated that partial activation of heat shock factor (HSF)-1, which has been shown to repress other early response genes (22, 23) , probably plays a significant role in the inhibition of TNF␣ transcription caused by exposure to febrile temperatures.
EXPERIMENTAL PROCEDURES
Plasmids-A fragment of the mouse TNF␣ gene from Ϫ1080 to ϩ138 nt (relative to the transcription start site) was amplified from a murine TNF␤/TNF␣ cassette (Dr. V. Jongeneel, Lausanne, Switzerland) by PCR using the primers 5Ј-GTGCTAGCTTGGTCCATGGGATCCGG-3Ј (5Ј-end; NheI restriction site is underlined) and 5Ј-TTCGAAGCTTG-GAGATGTGGCGCCTTG-3Ј (3Ј-end; HindIII restriction site is underlined). The PCR product was directionally cloned into the NheI/HindIII sites of pGL3 (Promega, Madison, WI) and was designated Ϫ1080/ * This report was supported by Veterans Affairs Merit Review Grant 128444285-0005 and by American Heart Association, Maryland Chapter, Grant 9808035U. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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ϩ138. Deletional constructs were prepared using the same 3Ј-primer (above) and different 5Ј-primers (with NheI linker) starting at Ϫ244 (Ϫ244/ϩ138), Ϫ135 (Ϫ135/ϩ138), and Ϫ85 (Ϫ85/ϩ138), respectively. Construct Ϫ705 (Ϫ705/ϩ138) was made by cutting Ϫ1080/ϩ138 at the SacI sites in the plasmid and religating multicloning sequence and at nt Ϫ705 in the TNF␣ 5Ј-flanking sequence. The sequences of all PCR products were confirmed by dideoxy sequencing. A firefly luciferase reporter plasmid (PGL3) and a control Renilla luciferase reporter plasmid driven by the SV40 promoter (pRL-SV40) were obtained from Promega (Madison, WI). A human HSF-1 expression plasmid in pCMV5 has been previously described (23) . An HSP70 promoter-luciferase construct was kindly provided by H. Wong (University of Cincinnati Medical School, Cincinnati, OH).
Probes-A full-length TNF␣ cDNA was generated by 3Ј-rapid amplification of cDNA ends using total RNA from LPS-stimulated Raw 264.7 cells and a commercial 3Ј-rapid amplification of cDNA ends kit (Life Technologies, Inc.), the 3Ј-anchor primer provided with the kit, and a TNF␣-specific 5Ј-primer: 5Ј-CTAGTCTAGAGCTGAGGGACTAGC-CAGGAGG-3Ј. A 175-nt cDNA fragment of murine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified from the same cells using the primer pair 5Ј-GACCCCTTCATTGACCTC-3Ј and 5Ј-TCTCGCTCCTGGAAGATG-3Ј. These cDNAs were cloned into T-vector (Promega). A plasmid containing a 1.4-kilobase fragment of murine aldolase was provided by Dr. M. Shin (University of Maryland).
Cell Culture-The Raw 264.7 mouse macrophage cell line was purchased from the American Type Cell Collection (ATCC; Rockville, MD) and maintained in RPMI 1640 supplemented with 50 units/ml penicillin, 50 g/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES buffer (Life Technologies, Inc.), pH 7.3 (CRPMI), and containing 10% defined fetal bovine serum (Hyclone, Logan, UT) at 37°C in 5% CO 2 -enriched air. Cells were routinely tested for Mycoplasma infection using a commercial assay system (MycoTest; Life Technologies, Inc.), and new cultures were established monthly from frozen stocks. Peritoneal macrophages were obtained from 6 -8-weekold male CD-1 mice (Harlan-Sprague, Indianapolis, IN) 4 days after intraperitoneal injection of 1 ml thioglycollate broth (Difco). Cells were collected by peritoneal lavage with 5 ml of 4°C CRPMI, and macrophages were purified by 2-h plastic adherence. All media and reagents contained less than 0.1 ng/ml endotoxin as determined by Limulus amebocyte lysate assay (Associates of Cape Cod, Falmouth, MA). Cell viability was determined by trypan blue dye exclusion. Cells were stimulated with LPS that was prepared by trichloroacetic acid precipitation from Escherichia coli 0111:B4 (Difco).
Measurement of TNF␣ Secretion and Clearance-Raw 264.7 cells (5 ϫ 10 5 /well) were transferred to 24-well polystyrene culture plates (VWR; Plainfield, NJ) in CRPMI plus 10% fetal bovine serum. After overnight incubation, the temperature was adjusted by replacing the medium with 1 ml of fresh CRPMI plus 10% fetal bovine serum prewarmed to 37 or 39.5°C. The culture plates were then transferred to automatic CO 2 incubators certified to have Ͻ0.2°C temperature variation (Forma, Marietta, OH), preincubated for 30 min, and then stimulated with 100 ng/ml LPS. Incubator temperatures were verified by direct measurement with calibrated thermometers. TNF␣ concentration in culture supernatants was measured by ELISA using paired antibodies and a recombinant mouse TNF␣ standard from Endogen (Cambridge, MA) as described previously (24) . This ELISA detected both TNF␣ precursor and mature TNF␣. In some experiments, cellassociated TNF␣ was measured by washing the cell monolayers, scraping the cells into 1 ml of fresh CRPMI plus 10% fetal bovine serum, lysing cells with two freeze-thaw cycles, and measuring TNF␣ in the cleared supernatants by ELISA. To determine if increasing incubation temperature enhanced the clearance of TNF␣ in macrophage culture supernatants, we analyzed the clearance of exogenous recombinant human TNF␣ in Raw 264.7 cultures using a two-antibody ELISA (Endogen), which had a lower detection limit for human TNF␣ of 7 pg/ml and did not cross-react with 10,000 pg/ml murine TNF␣. Human TNF␣ (500 pg/well) was added to 37 and 39.5°C Raw 264.7 cell cultures 1 h after LPS stimulation. The levels of human TNF␣ in the culture supernatants were sequentially measured, and the half-life of TNF␣ was calculated using an iterative exponential curve-fitting algorithm (Deltagraph; SPSS, Chicago, IL). To avoid potential confounding effects caused by the lesser accumulation of endogenous TNF␣ in the 39.5°C cultures, sufficient recombinant murine TNF␣ was added to the 39.5°C supernatants 4 h after LPS stimulation to reconstitute the TNF␣ levels achieved in the 37°C cultures. Evaporation was minimized by humidifying the incubator chamber and sealing the culture dishes with parafilm. Volume loss in all experiments was Ͻ5% over 24 h and was not different in the 37 and 39.5°C cultures.
RNA Isolation and Northern Blot Analysis-Ten million Raw 264.7 cells were prewarmed and stimulated with 100 ng/ml LPS at either 37 or 39.5°C, and total RNA was sequentially isolated using RNAzol (Tel-test, Friendswood, TX). TNF␣ and GAPDH mRNA levels were analyzed by Northern blotting as described previously (10) . The blots were prehybridized in QuikHyb (Stratagene) for 15 min at 68°C; hybridized for 1 h at 68°C in QuikHyb containing 0.67 g/ml denatured salmon testes DNA and 32 P labeled cDNA probe; washed; and analyzed by PhosphorImager analysis (Molecular Dynamics, Inc., Sunnyvale, CA). TNF␣ and GAPDH cDNA inserts were amplified by PCR, gelpurified, and labeled with 32 P using a random primer kit (Life Technologies) according to the manufacturer's instructions. The blots were stripped and reprobed with a second radiolabeled cDNA, where indicated, according to standard methods (25) . Equal RNA loading was determined by UV visualization and photography of 18 and 28 S ribosomal RNA bands in ethidium bromide-stained gels and Northern blots as well as quantitation of GAPDH housekeeping gene transcripts on Northern blots.
Measurement of TNF␣ Transcription Rate-TNF␣, GAPDH, and aldolase transcription rates were simultaneously measured by nuclear run-on analysis using a modification of our reported method (13) . Ten million Raw 264.7 cells were prewarmed and stimulated with 100 ng/ml LPS (time 0) at either 37 or 39.5°C. Cells were lysed in 10 ml of lysis buffer containing 10 mM Tris, pH 8.0, 2.5 mM MgCl 2 , 0.25% Triton X-100, 0.3 M sucrose, 1 mM dithiothreitol. Isolated nuclei were manually counted, and equal numbers from each culture were incubated with 100 Ci of [␣-
32 P]UTP (NEN Life Science Products) for 30 min at 30°C. Plasmids containing GAPDH, TNF␣, aldolase, or insertless plasmid were alkaline-denatured, transferred to nitrocellulose by vacuum filtration using a slot-blot manifold, and immobilized by baking in a vacuum oven at 80°C for 2 h. Membranes were prehybridized overnight at 42°C in 50% formamide, 5ϫ SSC, 2ϫ Denhardt's solution, 0.1% SDS, and 100 g/ml denatured salmon testes DNA and then hybridized at 42°C for 3 days in prehybridization buffer containing 32 P-labeled RNA extracted from the run-on reaction mixtures. Membranes were extensively washed (four washes with 2ϫ SSC plus 0.1% SDS at room temperature for 5 min each and then 0.1ϫ SSC plus 0.1% SDS at 60°C for 30 min) and air-dried. The membranes were then analyzed by PhosphorImager analysis (Molecular Dynamics) before exposure to XAR film. At each time point, TNF␣ band density was expressed as a ratio to either GAPDH or aldolase band density, and the ratio was normalized to time 0 values.
Electrophoretic Mobility Shift Assays (EMSAs)-Nuclear extracts from Raw 264.7 cells were prepared according to the method of Schreiber et al. (26) , and total protein concentration was measured using a commercial reagent (Bio-Rad) against a bovine serum albumin standard curve. Double-stranded oligonucleotide containing the heat shock response element (HRE) corresponding to Ϫ107/Ϫ83 of the human HSP70 promoter (27) (5Ј-GATCTCGGCTGGAATATTCCCGACCTG-GCAGCCGA-3Ј and the complementary strands was synthesized, annealed, and radiolabeled using T4 polynucleotide kinase (Promega, Madison, WI) and [␥-32 P]dATP according to the manufacturer's protocol. Competitor double-stranded oligonucleotide containing a consensus TATA sequence was purchased from Promega. Two fragments of the TNF␣ promoter, spanning nt Ϫ135 to ϩ138 and nt Ϫ243 to Ϫ109 were amplified from plasmid Ϫ705/ϩ138 using the following primer pairs: 5Ј-CTACCGCTTCCTCCACAT-3Ј and 5Ј-GGAGATGTGGCGCCTTG-3Ј (Ϫ135/ϩ138) and 5Ј-CCTGGTGGGGACGACG-3Ј and 5Ј-CATGATCT-CATGTGGAGGAAG-3Ј (Ϫ243/Ϫ109). The PCR products were gel-purified and quantified by measuring absorbance at 260 nm. EMSA reactions containing 5 g of nuclear extract, 0.035 pmol of radiolabeled oligonucleotide, 2 g of poly(dI-dC), 12 mM HEPES, pH 7.9, 12% glycerol, 60 mM KCl, 5 mM MgCl 2 , 0.5 mM EDTA, and 0.5 mM dithiothreitol in a volume of 20 l were incubated at room temperature for 20 min. Where indicated, excess unlabeled competitor oligonucleotide or PCR product or a 1:20 dilution of anti-HSF-1 antibody (28) was incubated with the nuclear extracts for 30 min at room temperature before the addition of the radiolabeled probe. The DNA-protein complexes were then electrophoretically resolved on 4% nondenaturing polyacrylamide gels. The dried gels were analyzed by PhosphorImager analysis (Molecular Dynamics) and exposed to x-ray film. Band intensities were expressed as percentage of the maximal band intensity for each experiment.
Immunoblotting-Nuclear and whole cell extracts containing 30 g of total protein were separated on 10% Laemmli SDS-polyacrylamide gels under reducing conditions; electrostatically transferred to polyvinylidene difluoride membrane (Stratagene); blocked with 10% dry milk in 25 mM Tris (pH 7.4), 0.15 M NaCl plus 0.05% (v/v) Tween 20 for 4 h at 4°C; and incubated with a 1:1000 dilution of anti-HSF-1 antibody in blocking buffer overnight at 4°C. Bands were detected using a 1:1000 dilution of goat anti-rabbit IgG horseradish peroxidase conjugate (Sigma) in blocking buffer for 1 h at room temperature, developed with a chemiluminescence detection system (Renaissance TM ; NEN Life Science Products), and exposed to x-ray film. The intensities of the HSF-1 bands were determined by densitometry (Molecular Dynamics) and were expressed as percentage of the maximum band intensity for each experiment.
Transfection and Reporter Gene Analysis-Cells were transfected using FuGene 6 (Roche Molecular Biochemicals). 4 g of each test plasmid and 0.5 g of control (pRL-SV40) plasmid DNA were mixed with 15 l of FuGene 6 in 100 l of medium. The mixture was incubated at room temperature for 15 min and then added to cells in 60-mm dishes. After 24 h, the cells were split into 48-well plates. After an additional 24 h, the cells were stimulated with LPS at 37 and 39.5°C, and reporter gene expression was analyzed using the Dual Luciferase Reporter assay kit (Promega) according to the manufacturer's protocol.
Statistical Analysis-Data are presented as mean Ϯ S.E. Differences between two groups of data were analyzed using the unpaired Student t test. Differences among at least two groups were tested using the Fisher PLSD test applied to a one-way analysis of variance.
RESULTS

Effect of 39.5°C Incubation Temperature on Raw 264.7 Cell
TNF␣ Secretion-LPS treatment induced similar early rates of TNF␣ secretion in 37 and 39.5°C cell cultures, but TNF␣ accumulation peaked and declined several hours earlier in the 39.5°C culture supernatants (Fig. 1A) . These temperature-dependent effects were similar to those previously reported in the same cell line (10) and in murine astrocytes (29) , thioglycollateelicited peritoneal macrophages, isolated Kupffer cells, and liver slices (24) . To determine if enhanced clearance of TNF␣ from the culture medium contributed to the reduced accumulation of TNF␣ in the 39.5°C culture supernatants, the clearance of exogenous recombinant human TNF␣ (500 pg/ml) in LPS-stimulated Raw 264.7 cell culture supernatants was compared at 37 and 39.5°C (Fig. 1B) . Human TNF␣ was used as a surrogate for endogenous murine TNF␣ in these studies because human and mouse TNF␣ have similar clearance kinetics in vivo (30) , and the human cytokine is easily distinguished from endogenous murine TNF␣ with a species-specific ELISA. Human TNF␣ levels declined at similar rates in the 37 and 39.5°C culture supernatants, suggesting that the abbreviated accumulation of extracellular TNF␣ in the 39.5°C cultures was predominantly caused by reduced TNF␣ secretion rather than enhanced TNF␣ clearance. The fraction of total TNF␣ that remained cell-associated was Ͻ5% in 37 and 39.5°C cells (data not shown), excluding an isolated block in secretion of TNF␣ protein in the warmer cells.
TNF␣ mRNA was detectable in unstimulated Raw 264.7 cells, but TNF␣ mRNA levels rapidly increased after LPS treatment (Fig. 1C) . TNF␣ mRNA accumulation paralleled TNF␣ secretion in 37 and 39.5°C Raw 264.7 cell cultures. In the 37°C cells, TNF␣ mRNA levels peaked between 30 and 60 min after LPS stimulation and returned to base line by 2-4 h after the addition of LPS. These results were comparable with those previously reported in the same cell line (10, 31) . In contrast, in the 39.5°C cells, TNF␣ mRNA accumulation peaked 30 min after the addition of LPS and returned to base-line levels by 1 h after LPS. These data provide further evidence that the duration of LPS-induced TNF␣ synthesis is reduced in the 39.5°C cells and suggest that this effect may be mediated by the availability of TNF␣ mRNA.
Effect of Temperature on TNF␣ Transcription (Nuclear Runon)-We previously reported that TNF␣ mRNA is less stable in Raw 264.7 macrophages incubated at 40°C than in 37°C cell cultures (half-life of 16.0 versus 21.8 min) (10). However, this relatively small difference in stability cannot account for the observed differences in TNF␣ mRNA levels and suggested that transcription must be reduced in the warmer cells. To determine if the magnitude or kinetics of TNF␣ transcription were influenced by culture temperature, the relative TNF␣ transcription rates were sequentially measured in LPS-treated Raw 264.7 cells cultured at 37 or 39.5°C using a nuclear run-on assay ( Fig. 2A) . Basal TNF␣ transcription was similar after 30-min preincubation at 37 and 39.5°C. The addition of LPS caused comparable rapid increases in TNF␣ transcription rate in both 37 and 39.5°C cells. Peak TNF␣ transcription rates 5°C . B, clearance of extracellular TNF␣. Raw 264.7 macrophages were stimulated with 100 ng/ml LPS at the indicated temperature for 1 h, 500 pg/ml recombinant human TNF␣ was added to the culture supernatants, and the concentration of human TNF␣ in the culture supernatants was sequentially measured using a species-specific ELISA. The half-life of TNF␣ was calculated using an iterative exponential curve-fitting algorithm. Mean Ϯ S.E. is shown. C, accumulation of TNF␣ mRNA. Raw 264.7 macrophages were preincubated for 30 min and stimulated with 100 ng/ml LPS at the indicated temperature, and levels of TNF␣ and GAPDH mRNA were determined by Northern blotting. A representative of three comparable blots is shown.
were reached 10 min after LPS treatment and were similar in the 37 and 39.5°C cells, but the warmer cells failed to sustain this rate of TNF␣ transcription. In the 37°C cells, the TNF␣ transcription rate gradually returned to basal levels 2-4 h after the addition of LPS. These kinetics were similar to those reported by Taffet et al. in the same cell line (31) . In contrast, in the 39.5°C cells, TNF␣ transcription abruptly and prematurely returned to the basal rate within 30 -60 min of stimulation with LPS. Cell viability as determined by trypan blue dye exclusion and transcription of GAPDH were comparable in Raw 264.7 cells incubated for 4 h at 37 or 39.5°C, suggesting that exposure to the warmer temperature was not toxic and did not cause global transcriptional arrest in these cells. Results were similar when TNF␣ transcription was normalized to aldolase (data not shown) rather than GAPDH.
In primary cultured peritoneal macrophages, basal TNF␣ transcriptional activity was lower and transcriptional activation was more gradual and more sustained than in Raw 264.7 cells (Fig. 2B) , but the pattern of temperature-dependent effects was similar in the two cell types. The ratio of TNF␣ to GAPDH transcription rates peaked 30 -60 min after LPS treatment at levels that were comparable in the 37 and 39.5°C macrophages, but the subsequent decline in TNF␣ transcription occurred more rapidly in the 39.5°C cells. By 4 h after LPS stimulation, the TNF␣ transcription rate in the 39.5°C cells was reduced by over half compared with the TNF␣ transcription rate in the 37°C cells.
Influence of Temperature on TNF␣ Promoter Activity-To further identify the mechanisms responsible for early deactivation of TNF␣ transcription in the 39.5°C cells, we analyzed the influence of incubation temperature on the activity of the TNF␣ promoter using the firefly/Renilla dual luciferase detection system. We first confirmed that the posttranscriptional processing of the experimental firefly and control Renilla luciferases were comparable in the 37 and 39.5°C cells by contransfecting both reporter genes driven by the same SV40 promoter. The ratios of firefly to Renilla luciferase activities were consistently similar in cells incubated with LPS for 5 h at 37 and 39.5°C (43.8 Ϯ 4.3 versus 41.9 Ϯ 3.6). Furthermore, when new transcription was blocked by adding 10 g/ml actinomycin D during the 5-h culture, the ratio of firefly to Renilla luciferase activities remained similar in the 37°C (14.3 Ϯ 3.5) and 39.5°C (17.4 Ϯ 5.1) cells.
A luciferase reporter plasmid driven by the 1.1-kilobase immediate 5Ј-flanking region of the murine TNF␣ gene was constructed and transiently transfected into Raw 264.7 cells, and luciferase expression was compared during 37 and 39.5°C incubation (Fig. 2C) . This promoter sequence contains four NF-B response elements, a Y box, an Sp1 site, a TATA box, and a 40-base pair dinucleotide repeat, but lacks an initiator sequence (32) , and it is sufficient to confer responsiveness to a variety of stimuli including LPS, phorbol esters, UV light, and viral infections (33) (34) (35) (36) (37) . Luciferase expression in unstimulated transfectants reflects the basal TNF␣ transcription rate in these cells. In the 37°C transfectants, LPS treatment stimulated a 3.4-fold increase in luciferase levels compared with unstimulated cells (Fig. 2C, left panel, top bar) , which was similar in magnitude to the LPS-induced increase in the TNF␣ transcription rate (Fig. 2A) . In the 39.5°C transfectants, LPSthe same 3Ј boundary (ϩ138) relative to the transcription start site. The -fold increase in firefly/Renilla luciferase activity with LPS treatment is shown on the left. The ratio of LPS-induced promoter activity at 39.5 and 37°C is shown on the right. Mean Ϯ S.E. of six experiments is shown. *, reduced activity compared with 37°C cells with p Ͻ 0.05; †, greater temperature-dependent reduction in construct activity versus Ϫ705 with p Ͻ 0.05.
FIG. 2. Effect of incubation temperature on TNF␣ transcription.
A, TNF␣ transcription in Raw 264.7 cells. Cells were preincubated for 30 min and stimulated with 100 ng/ml LPS at the indicated temperature, and the TNF␣ and GAPDH transcription rates were measured by nuclear run-on assay. Background signal (insertless plasmid) was subtracted, and the TNF␣/GAPDH ratio was calculated for each time point and normalized to pre-LPS levels at each temperature. Mean Ϯ S.E. of six experiments is shown. *, p Ͻ 0.05 compared with 37°C. B, TNF␣ transcription in peritoneal macrophages. Thioglycollate-elicited peritoneal macrophages from 30 mice were pooled, and adherence-purified. The cells were stimulated with 100 ng/ml LPS, and TNF␣ and GAPDH transcription was measured by nuclear run-on assay. The band intensities, quantified by PhosphorImager analysis, are shown in the bar graph. C, LPS inducibility and temperature responsiveness of TNF␣ reporter constructs. Raw 264.7 cells were transiently cotransfected with the indicated TNF␣ promoter-driven firefly luciferase reporter construct and with pRL-SV40. The transfectants were incubated with or without 100 ng/ml LPS for 5 h and the firefly/ Renilla luciferase ratios were calculated. The 5Ј boundaries of the TNF␣ promoter constructs are shown on the y axis. All constructs share induced luciferase activity was reduced by 40% compared with 37°C cells (Fig. 2C, right panel, top bar) . To localize the region required for temperature-dependent reduction in promoter activity, a series of 5Ј-deletion mutant TNF␣ promoters was analyzed in the same system. The 1.1-kilobase TNF␣ promoter showed the greatest LPS inducibility, which gradually decreased with more extensive 5Ј-deletion. The 5Ј-deletion mutant lacking sequences upstream of the most proximal NF-B response element (Ϫ244/ϩ138) was most sensitive to inhibition at 39.5°C (60%). However, even the shortest construct (Ϫ85/ ϩ138) studied demonstrated temperature sensitivity that was comparable with that seen with the full-length promoter construct.
Heat Shock Factor Activation and Binding to the Proximal TNF␣ Promoter-The TNF␣ sequence spanning nt Ϫ85 to ϩ138 contains six HRE half-sites, the pentanucleotide element that forms stable binding sites for heat shock factors when oriented in inverted dyad repeats (38) . To determine if HSF played a role in inhibiting TNF␣ transcription during exposure to febrile temperatures, we first used EMSA to determine if HSF was activated during 39.5°C culture. EMSA analysis of nuclear extracts using an HRE sequence from the human HSP70 promoter (27) showed that preincubation of Raw 264.7 cells for 30 min at 39.5°C induced detectable HSF activation characterized by a slowly migrating doublet band (Fig. 3A, lane  5) . Further incubation with LPS enhanced the intensity of this complex (lanes 7 and 8) , reaching levels achieved in heatshocked control cells (43°C for 30 min). Analysis of band intensities from four separate EMSA experiments (Fig. 3B) confirmed that activated HSF-1 reached detectable levels in nuclear extracts after preincubating cells for 30 min at 39.5°C. Interestingly, the levels of activated HSF-1 transiently decreased 10 min after the addition of LPS, coinciding with transcriptional activation of the TNF␣ gene. Levels of activated HSF-1 subsequently increased beginning 30 min after LPS stimulation, coinciding with inactivation of TNF␣ transcription.
Immunoblot analysis of nuclear extracts confirmed that in -FIG. 3 . EMSA analysis of heat shock factor activation during exposure to febrile temperature. A, EMSA analysis using a human HRE probe and nuclear extracts from 264.7 cells after culture with or without LPS at the indicated temperature and for the indicated time (minutes after adding LPS). For the 39.5°C extracts, cells were preincubated at 39.5°C for 30 min prior to adding LPS. Binding to HRE in nuclear extract from 60 min/39.5°C cells (lane 9) was competed with cold HRE (lanes 10 and 11) , TATA (lanes 12 and 13) , the TNF␣ promoter/5Ј-untranslated region sequence between nt -135 to ϩ138 (lanes 14 and  15) , and the TNF␣ promoter sequence spanning nt Ϫ243 to Ϫ109 (lanes 16 and 17) . HRE binding to nuclear extract from Raw 264.7 cells cultured with LPS for 60 min at 39.5°C was competed with a 30-fold excess of unlabeled HRE and supershifted with anti-HSF-1 antibody (inset). B, band intensities from four kinetic experiments were quantified by PhosphorImager analysis (mean Ϯ S.E.). *, p Ͻ 0.05 versus time 0 (following 30-min preincubation at 39.5°C). C, band intensities from four time course experiments were quantified by PhosphorImager analysis (mean Ϯ S.E.). HRE complex binding with nuclear extracts from Raw 264.7 cells incubated with LPS at 39.5°C for 60 min was competed with cold HRE or TATA oligonucleotides or with fragments of TNF␣ promoter spanning nt Ϫ135/ ϩ138 (Ϫ135), or nt Ϫ243/Ϫ109 (Ϫ243). *, p Ͻ 0.001 compared with band intensity without competitors (0). tranuclear levels of HSF-1 increased within 30 min of LPS stimulation in the 39.5°C cells (Fig. 4A, lanes 6 -8) . Analysis of band intensities (Fig. 4B, inset) showed that HSF-1 levels doubled by 30 min after LPS activation, coinciding with the observed transcriptional deactivation of TNF␣. The HSF-1 in the 39.5°C nuclear extracts had slightly greater electrophoretic mobility than did the HSF-1 in cells subjected to classic heat shock at 43°C for 30 min (compare lanes 7 and 12; these lanes are aligned and enlarged in the inset, with the slower migrating band in the 43°C cell extract indicated by the arrowhead).
Competition with TNF␣ sequence fragment spanning Ϫ135 to ϩ138 added at 30-and 100-fold molar excess concentrations blocked HSF complex formation by 40 and 68%, respectively (Fig. 3A, compare lanes 14 and 15 with lane 9; Fig. 3C ). By contrast, a TATA sequence oligonucleotide and a more upstream TNF␣ sequence (Ϫ243/Ϫ109; lanes 16 and 17) failed to block HSF complex formation. Taken together, these findings suggest that HSF binds to the proximal TNF␣ promoter, albeit with lower affinity than it binds to consensus HRE sequences. A much more rapidly migrating band was constitutively present in 37°C cultured Raw 264.7 cells (not shown), increased during 39.5°C culture, and was competed by both the Ϫ135/ ϩ138 and Ϫ243/Ϫ109 TNF␣ sequences.
Significance of HSF Activation-We previously reported that HSP70 mRNA was not detectable in Raw 264.7 cells during 40°C culture (10) . In light of the EMSA evidence for HSF activation, we analyzed the activity of a HSF-dependent promoter from the human HSP70 gene under these conditions (Fig. 5A) . Exposing Raw 264.7 cells to classic heat shock conditions (43°C for 45 min) induced a 7.2-fold increase in HSP70 promoter activity. By contrast, there was no detectable HSP70 promoter activation in the 39.5°C cultured Raw 264.7 cells.
To determine if HSF-1, the major stress-induced HSF, could modify activity of the TNF␣ promoter, we cotransfected Raw 264.7 cells with the full-length (Ϫ1080/ϩ138) or minimal (Ϫ85/ ϩ138) TNF␣ promoter constructs and increasing concentrations of a HSF-1 expression plasmid (23) (Fig. 5B) . Overexpressing HSF-1 inhibited TNF␣ promoter activity in 37°C cells and caused further reduction in TNF␣ promoter activity in 39.5°C cells. DISCUSSION TNF␣ is widely regarded as an essential inducer of successful host defense against microbial pathogens (2, 39) and one of the central mediators of septic shock (4, 5) . While TNF␣ is usually expressed only transiently during infections, the mechanisms that regulate the duration of its expression are not completely understood. Recent studies suggest that the increase in body temperature that occurs during fever may exert negative regulation on TNF␣ expression (10, 21, 29) in part by destabilizing TNF␣ mRNA. In this study, we extended these observations by showing that exposing macrophages to febrile range temperatures decreased TNF␣ transcription in a novel way, by reducing the duration of TNF␣ transcriptional activation. This conclusion seemed to be at odds with our previous report that TNF␣ mRNA was destabilized, while TNF␣ transcription was not affected when Raw 264.7 cells were exposed to 40°C (10) . However, a rigorous sequential analysis of TNF␣ transcription rate in this study showed that while the initial activation of transcription was comparable in 37 and 39.5°C cultured cells, the transcription rate returned to basal levels much earlier (within 30 -60 min of LPS stimulation) in the warmer cells. In our previous study (10), we only measured TNF␣ transcription at a single time point, 30 min after LPS stimulation, before the TNF␣ transcription rates at the two temperatures would have completely diverged.
The results of the nuclear run-on analysis were confirmed by analyzing the temperature sensitivity of TNF␣ reporter constructs using a dual luciferase reporter system. Because protein synthesis rates in macrophages are known to be reduced during prolonged exposure to febrile range temperatures (21), we confirmed that the relative synthesis rates of the experimental firefly and the control Renilla luciferase gene products were comparable in 37 and 39.5°C cells. When the contribution of transcription was removed by expressing both luciferase genes from the same SV40 promoter or by blocking new transcription with actinomycin D, the ratios of firefly to Renilla luciferase activities were comparable in 37 and 39.5°C cells. Using this model, we found that activity of the full-length TNF␣ promoter (Ϫ1080/ϩ138) was inhibited by 40% in 39.5°C Raw 264.7 cells. Considering the much greater stability of luciferase compared with TNF␣ mRNA (half-lives of 3 h versus 21 min), the level of inhibition in this system is consistent with the observed reduction in endogenous TNF␣ expression in the warmer cells. Deletion mutant constructs showed that even a short fragment (Ϫ85/138) of the TNF␣ promoter was sensitive to the higher temperature. The only consensus transcription factor binding sites contained in this fragment (Ϫ85/138) of the TNF␣ promoter were a TATA box and an Sp1 site. We also noted the presence of six HRE half-sites, including one adjacent to the Sp1 site, another just upstream of the transcription start site, and an array of three nearly contiguous but identically oriented half-sites in the 5Ј-untranslated region. It is generally accepted that the minimal sequence required for stable HSF binding is two contiguous HRE half-sites oriented as an inverted dyad repeat (38) . However, we showed that the proximal TNF␣ sequence competed for HSF binding with a consensus HRE from the HSP70 gene, suggesting that the proximal TNF␣ promoter/5Ј-untranslated region sequence may be capable of low affinity HSF binding. We also clearly showed that HSF was at least partially activated for DNA binding upon exposure to 39.5°C. The slowly migrating two-band EMSA complex was similar to the complex that forms after classic heat shock. As previously reported, a much more rapidly migrating band was constitutively expressed, but its identity is not known (22, 23) . We showed that overexpressing HSF-1, the predominant stress-induced HSF, caused a reduction in TNF␣ promoter activity in 37°C cells that was comparable with the reduction caused by cell warming. This HSF-1 overexpression system generates at least some intranuclear HSF-1 trimers in the absence of additional activation signals (22, 23, 40) . We suspect that incubating the HSF-1-overexpressing transfectants at 39.5°C caused further inhibition of TNF␣ transcription by stimulating additional activation of the expanded HSF-1 pool. However, these data do not exclude the possibility that exposing macrophages to febrile range temperatures may also block TNF␣ transcription through HSF-1-independent processes. Nonetheless, these data demonstrate that HSF-1 is both present in the 39.5°C cell nuclei and that it can block transcription from the TNF␣ promoter.
Heat shock factors undergo stepwise activation by oligomerization, nuclear translocation, and hyperphosphorylation (41) . Under basal conditions, HSF-1 exists as a cytoplasmic monomer incapable of stable DNA binding. Stress induces trimerization, nuclear localization, and phosphorylation of HSF-1. While hyperphosphorylation of the HSF-1 trimer is not required for stable DNA binding, it is required for transcriptional activation of heat shock genes (41) . The role of phosphorylation in activating HSFs is complex. While phosphorylation of some serine residues activates HSF-1, phosphorylation of other serines by MAP kinases and other kinases prevents HSF-1 activation (42, 43) . In our system, exposing Raw 264.7 cells to 39.5°C, conditions that inhibited TNF␣ transcription and activated HSF binding to HRE, failed to activate transcription from a HSP70 promoter-driven reporter plasmid. This result is consistent with our previous report that these cells failed to generate HSP70 mRNA during 40°C incubation (10) and suggests that HSF is only partially activated in Raw 264.7 cells under these conditions. The lower apparent molecular weight of HSF-1 in 39.5°C cells compared with cells exposed to classic heat shock conditions (43°C for 30 min) suggests that the nuclear HSF-1 in the 39.5°C cells is relatively hypophosphorylated, providing further evidence that HSF-1 may be only partially activated during exposure to these conditions. Recently, HSFs have been shown to play a role in downregulating non-heat shock genes. In the case of IL-1␤, this effect requires stable binding of HSF-1 to a HRE adjacent to a critical NFIL6 binding element (23) . In the case of urokinase and c-fos, the effect apparently did not require stable DNA binding and was presumed to be mediated through effects on upstream mediators (22) . The urokinase promoter contains a HRE adjacent to a candidate AP-1 site 400 nt upstream of the transcription start site, but its significance is not yet known. However, in comparison with the high density of HRE halfsites around the TNF␣ transcription start site, there are only two HRE half-sites within 100 nt of the urokinase transcription start site and only four HRE half-sites within 400 nt of the c-fos transcription start site. In addition to the HRE half-sites in the TNF␣ promoter, two candidate HREs (nt Ϫ394 and Ϫ349) are located between two critical NF-B response elements, although their ability to bind HSF is not yet known. These data suggest at least three ways in which HSF may inhibit TNF␣ transcription: (i) stable binding to a HRE adjacent to a binding site for an essential transcriptional activator; (ii) low affinity binding to HRE half-sites flanking the transcription start site, which may sterically hinder assembly of the transcription complex; or (iii) inhibition of upstream signaling events as suggested by Chen et al. (22) . Studies to determine which of these mechanisms contribute to the temperature sensitivity of the TNF␣ promoter are in progress.
In conclusion, we showed that an early and abrupt termination of TNF␣ transcriptional activation is the predominant cause of the reduced LPS-stimulated TNF␣ expression in cells exposed to febrile temperatures. We showed that HSF-1 is partially activated when macrophages are exposed to febrile temperature. We also provided evidence to support a role for partially activated HSF in inhibiting TNF␣ transcription. FIG. 5 . Role of heat shock factor activation in TNF␣ regulation. A, effect of overexpression of HSF-1 on HSP70 promoter activity. Raw 264.7 cells were transiently transfected with a HSP70 promoter-driven luciferase reporter alone or in combination with an HSF-1 overexpression plasmid and cultured with or without LPS at the indicated temperature for 5 h, and the reporter gene product was quantified. A heat shock control (HS Ctr.) (solid bar) was included in which transfected cells were incubated at 43°C for 30 min and subsequently at 37°C for 4.5 h. B, Raw 264.7 cells were cotransfected with one of two TNF␣ promoter-driven reporter plasmids, Ϫ1080/ϩ138 (left panel) or Ϫ85/ϩ138 (right panel), and 0 -3 g of HSF-1 expression plasmid, incubated with or without LPS at 37 or 39.5°C for 5 h, and luciferase activity was quantified. *, p Ͻ 0.05 versus 37°C with no HSF-1; †, p Ͻ 0.05 versus 37°C with the same HSF-1 concentration.
